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ABSTRACT
We use deep Gemini/GMOS-S g,r photometry to study the three ultra-faint dwarf galaxy candidates DES1, Eridanus III (Eri III)
and Tucana V (Tuc V). Their total luminosities, MV (DES1) = −1.42±0.50 and MV (Eri III) = −2.07±0.50, and mean metallicities,
[Fe/H] = −2.38+0.21−0.19 and [Fe/H] = −2.40+0.19−0.12, are consistent with them being ultra-faint dwarf galaxies as they fall just outside the
1-sigma confidence band of the luminosity-metallicity relation for Milky Way satellite galaxies. However, their positions in the
size-luminosity relation suggests that they are star clusters. Interestingly, DES1 and Eri III are at relatively large Galactocentric
distances with DES1 located at DGC = 74±4 kpc and Eri III at DGC = 91±4 kpc. In projection both objects are in the tail of
gaseous filaments trailing the Magellanic Clouds and have similar 3D-separations from the Small Magellanic Cloud (SMC):
∆DSMC,DES1 = 31.7 kpc and ∆DSMC,Eri III = 41.0 kpc, respectively. It is plausible that these stellar systems are metal-poor SMC
satellites. Tuc V represents an interesting phenomenon in its own right. Our deep photometry at the nominal position of Tuc V
reveals a low-level excess of stars at various locations across the GMOS field without a well-defined centre. A SMC Northern
Overdensity-like isochrone would be an adequate match to the Tuc V colour-magnitude diagram, and the proximity to the SMC
(12.◦1; ∆DSMC,TucV = 13 kpc) suggests that Tuc V is either a chance grouping of stars related to the SMC halo or a star cluster in
an advanced stage of dissolution.
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1. INTRODUCTION
In recent years, around 35 new Milky Way satellites (dwarf
galaxies and star clusters) have been discovered (Balbinot et
al. 2013; Belokurov et al. 2014; Laevens et al. 2014; Bechtol
et al. 2015; Drlica-Wagner et al. 2015; Kim et al. 2015a,b;
Kim & Jerjen 2015a,b; Koposov et al. 2015; Laevens et al.
2015a,b; Martin et al. 2015; Kim et al. 2016a; Luque et al.
2016; Martin et al. 2016b; Torrealba et al. 2016a,b; Koposov
et al. 2017). This is a dramatic jump in number and once their
true nature has been established these objects will provide
crucial empirical input for testing near-field cosmology pre-
dictions and verifying formation scenarios of the Milky Way.
However, since the majority of the discoveries are based on
shallow SDSS1, Pan-STARRS12 or DES3 imaging surveys,
most new objects themselves are still poorly constrained in
terms of their stellar population, structure parameters, dis-
tance and luminosity. The only path forward to accurately
determine these fundamental properties is to analyse deep
photometric follow-up observations.
In this paper, we use deep Gemini/GMOS-S g,r photom-
etry to derive more accurate constraints on the three ultra-
faint dwarf galaxy candidates DES1 (Luque et al. 2016), Eri-
danus III (Bechtol et al. 2015; Koposov et al. 2015, DES
J0222.7-5217) and Tucana V (Drlica-Wagner et al. 2015,
DES J2337-6316). DES1 was detected in first-year Dark
Energy Survey data with a peak Poisson significance of
11.6 as a compact Milky Way companion at α(J2000) =
0h33m59.s7 and δ(J2000) = −49◦ 02′ 20′′ located at approx-
imately 80 kpc.
Its total luminosity is estimated in the range −3.00 6 MV
6 −2.21. Eridanus III at α(J2000) = 02h22m45.s5, δ(J2000) =
−52◦17′ 01′′ detected at a significance level of 10.1 resides at
a heliocentric distance of ∼87 kpc with a total luminosity of
MV = −2.0± 0.3. Tucana V was discovered at α(J2000) =
23h37m24.s0, δ(J2000) = −63◦ 16′ 12′′ (J2000) with a peak
significance of 8.0 at an estimated distance of 55±9 kpc and
has a total luminosity of MV = −1.60±0.49.
Interestingly, all three objects have half-light radii (rh,DES1∼
10 pc, rh,Eri III = 14.0+12.5−2.6 pc, rh,TucV = 17± 6 pc, ) that puts
them in the transition zone between ultra-faint star clusters
and dwarf galaxies. Figure 1 shows the location of these
three stellar overdensities among others with respect to the
Magellanic Clouds and the gaseous Magellanic Stream.
Each of these objects reside at the very limit of the DES
photometry (glim ∼ 23) in which they were discovered. This
introduced large uncertainties into all of their known proper-
1 Sloan Digital Sky Survey
2 Panoramic Survey Telescope and Rapid Response System, Chambers et
al. (2016)
3 Dark Energy Survey, http://des.ncsa.illinois.edu/releases/sva1D
ties including the half-light radius, which can be used to dis-
criminate between a baryon-dominated star clusters and dark
matter dominated dwarf galaxy. These data presented here
will significantly improve our understanding of these faint
stellar systems and allow us to refine their locations in the
size-luminosity plane and also in the luminosity-metallicity
parameter space where there is a known relation between
these parameters for dwarf galaxies (Kirby et al. 2013). Ad-
ditionally, by probing several magnitudes below the main se-
quence turn-off (MSTO) we can take advantage of the stellar
mass differences of main sequence stars to probe for any ev-
idence of mass segregation as witnessed in the stellar cluster
Kim 2 (Kim et al. 2015a). Evidence of mass segregation can
confirm a system as being purely baryonic and so may pro-
vide a unique opportunity to resolve their origins with pho-
tometry. Through these relations we can test the likelihood
of their true nature as star clusters or dwarf galaxies.
2. OBSERVATIONS AND DATA REDUCTION
The imaging data were obtained with the Gemini Multi-
Object Spectrograph South (GMOS-S) at the 8m diameter
Gemini South Telescope through Program ID: GS-2016B-
Q-7. The observing conditions, following the Gemini Ob-
servatory standards, were dark, clear skies (SB504/CC505)
and seeing typically better than 0.6 arcsecond (IQ206) on the
nights of August 30 and 31, September 27, 2016 (see Ta-
ble 1). By taking advantage of the excellent seeing (0.′′4 −
0.′′6) we were able to utilize the 1× 1 binning mode of
GMOS-S and achieve a pixel scale of 0.′′08 per pixel. The
field of view is 5.′5×5.′5 and each object was observed in the
g (g_G0325) and r (r_G0326) bands with a short 60s expo-
sure centred on the target followed by three dithered expo-
sures of 600s each. Figures 2, 3 & 4 present the false-colour
images of the co-added frames for DES1, Eri III and Tuc V
respectively.
The basic data reduction steps of generating master bi-
ases and master twilight flats, bias subtraction and flat field-
ing, astrometry and co-addition have been performed using
the THELI pipeline (Schirmer 2013). Point Spread Func-
tion (PSF) photometry has been undertaken on the co-added
files using DOLPHOT (Dolphin 2000). DOLPHOT parameters
have been adjusted to minimise the residuals by adjusting the
PSF solution. In particular, we have employed the sum of
a Lorentzian and a circular Gaussian model PSF to achieve
better residuals.
2.1. Photometric Calibration
4 SB50 - Sky Brightness 50th percentile
5 CC50 - Cloud Cover 50th percentile
6 IQ20 - Image Quality 20th percentile
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Figure 1. On sky distribution of all known Milky Way satellite candidates in the distance range 30 < DGC < 100 kpc with respect to the
Magellanic Clouds and the neutral hydrogen gas of the Magellanic stream. The HI column density (log(NHI) in units of cm−2) is shown over six
orders of magnitudes, ranging from log(NHI) = 16 (black) to 22 (red). For more details we refer to Nidever et al. (2010). The three candidates
discussed in this study are highlighted in cyan.
Table 1. Observing Log
Field Right Ascension Declination Position Angle Filter Observation Airmass Exposure Seeing
(deg, J2000) (deg, J2000) (deg) Date (sec) (′′)
DES 1 8.4987 −49.0389 180 g_G0325 2016-08-30 1.058 - 1.056 600 0.55
180 r_G0326 2016-08-30 1.058 - 1.067 600 0.52
Eridanus III 35.6897 −52.2837 180 g_G0325 2016-08-30 1.081 - 1.094 600 0.60
(DES J0222.7-5217) 180 r_G0326 2016-08-30,-31 1.078 - 1.101 600 0.43
Tucana V 354.3500 −63.2700 160 g_G0325 2016-09-27 1.259 - 1.297 520 0.51
(DES J2337-6316) 160 r_G0326 2016-09-27 1.316 - 1.356 520 0.51
Table 2. Photometric calibration results
g band r band
Colour term (g− r) +0.026+0.045−0.046 −0.059+0.042−0.041
DES1 Offset −3.213+0.051−0.052 −2.979+0.048−0.049
Eridanus III Offset −3.237+0.034−0.034 −2.696+0.028−0.029
Tucana V Offset −3.162+0.034−0.034 −2.798+0.030−0.031
NOTE—Colour terms and magnitude offsets derived from
comparison with APASS calibrated DES photometry. All
photometry assumed an instrumental zero point of 30.00 for both
filters prior to the offsets being applied. The offset values listed are
a combination of the true zeropoint correction and the atmospheric
extinction correction.
The photometry generated by DOLPHOT was crossmatched
with APASS7 (Henden et al. 2015) calibrated DECam pho-
tometry8 using the built-in routines of TOPCAT (Taylor 2005)
and then quality cuts were applied to the matched stars.
These cuts first removed objects with extremely large pho-
tometric errors followed by cuts on the colour error (σ(g−r) <
0.3), the range in colour (0.0 < g− r < +1.5), object sharp-
ness in both filters (sharpness2 < 0.1), object type (Objtype
= 1) and photometry quality flag (class = 0). The resulting
7 The AAVSO Photometric All-Sky Survey
8 DECam photometry generated using the procedures outlined in Kim &
Jerjen (2015b).
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Figure 2. False color RGB image of DES1, made using ALADIN
SKY ATLAS V8.040, with a ∼2′×2′ field of view. The g-band co-
added image was used for the Blue and the r-band co-added image
for the Red. DES1 is the small overdensity of stars in the centre of
this field. The arrows in the lower right corner have a length of 15
arcsec.
N
E
Figure 3. As per Figure 2, false colour RGB image of Eridanus III
with a ∼2′×2′ field of view. The g-band co-added image was used
for the Blue and the r-band co-added image for the Red. Eridanus III
is clearly visible as an overdensity of stars in the centre of this field.
The arrows in the lower right corner have a length of 15 arcsec.
N
E
Figure 4. As per Figure 2, false colour RGB image of Tucana V
with a ∼2′×2′ field of view. The g-band co-added image was used
for the Blue and the r-band co-added image for the Red. There is a
small concentration of brighter stars noticeable in the centre of the
field, but there are no obvious fainter stars associated to this group.
The arrows in the lower right corner have a length of 15 arcsec.
subset was fit with a linear function to determine the colour
term, zero point offset and atmospheric extinction correc-
tion for calibration. Since the colour term is related to the
physical differences between the GMOS-S and APASS fil-
ter sets, all objects will therefore require the same colour
term in the calibration. A nominal instrumental zero point
of 30.00 was chosen for all fields and filters then a correc-
tion is applied that calibrates the data with APASS. This off-
set encapsulates both the true photometric zero point and the
atmospheric extinction correction, since they cannot be sep-
arated in this dataset. Due to the relatively small number of
APASS stars available in each field to determine the photo-
metric calibration of the data, we utilized the python package
EMCEE (Foreman-Mackey et al. 2013) to perform a Markov
Chain Monte Carlo analysis of all the calibration fits simul-
taneously. This leveraged all of the data to establish the best
colour term while allowing the remaining zeropoint and at-
mospheric extinction correction to stay unique to each field.
Table 2 lists the colour terms and offsets, with their corre-
sponding errors, used to calibrate the data.
2.2. Catalogue Generation
The raw instrumental magnitudes from DOLPHOT were
corrected using the results from §2.1 creating a catalogue of
photometrically calibrated objects. These form the basis for
the analysis presented in this paper. The criteria for selecting
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stellar objects from this catalogue is less stringent than that
used in the calibration step and consisted of finding objects
where:
• in either filter, sharpness2 ≤ 0.1
• in both filters, signal-to-noise ratio ≥ 3.5
• and the object type corresponds to "good stars" (Obj-
type = 1).
Spurious or saturated objects were again identified and re-
moved based on either their extremely large magnitude errors
or zero magnitude error respectively.
2.3. Artificial Star Experiments
To determine the completeness of our photometry, we have
performed an artificial star experiment in each field using
DOLPHOT’s built-in routine. The input catalogue of artificial
stars was generated by taking the cumulative histogram of the
magnitudes, from the data, at approximately 0.3 magnitude
intervals. A base level of around 70 stars per magnitude bin
was added to ensure that the brighter magnitudes were suffi-
ciently populated and the colour of each star was randomly
selected between −1.3< (g−r)< +2.0. This approach allows
the artificial star distribution to mimic the actual stellar dis-
tribution in the data and forces each subsequent magnitude
bin to have more artificial stars than the previous bin. There-
fore, as the intrinsic photometric completeness of the data
drops with fainter magnitudes, the number of artificial stars
injected increases to compensate for the expected decrease
in recovered stars. This helps ensure that at the faint end of
the photometry we have confidence that the ratio of recov-
ered stars to injected stars is robust. For DES1 and Eri III,
a single star at the bright end of the photometry contributes
about±1.4% to the resultant completeness, while at the faint
end a single star contributes only ±0.015%. A single star at
the faint end of the Tuc V photometry contributes ±0.026%
due to the fewer number of artificial stars used when com-
pared to the other two fields. This list is then supplied to
DOLPHOT along with the pixel position of each artificial star
and these are added individually into the frame to avoid po-
tential crowding issues. DOLPHOT then determines whether
it can recover the star or not and Figure 5 shows the number
ratio of recovered stars to input stars. The artificial stars are
subjected to the same selection criteria used when selecting
real stars from the data as outlined in §2.2. To calculate the
50% completeness level, the data in Figure 5 has been fit with
a Logistic function9:
9 The Logistic function was developed in 1838 by Pierre-François Ver-
hulst of Ghent, Belgium, see Bacaër (2011) for a short history on the topic.
Table 3. 50 percent Photometric Completeness Estimates
Object No. of Artificial Stars mcg mcr
DES1 75,307 26.092+0.015−0.014 25.569
+0.017
−0.017
Eridanus III 75,392 26.156+0.018−0.018 25.839
+0.020
−0.020
Tucana V 42,462 25.923+0.023−0.024 25.592
+0.025
−0.026
Completeness =
1
1+ e(m−mc)/λ
(1)
Error =
√
NC(1−C)/N (2)
where m is the magnitude, mc is the 50% completeness value
and λ is roughly the width of the rollover. For the error: N
is the number of artificial stars per bin and C is the com-
pleteness in that bin. Table 3 lists the 50% photometric com-
pleteness estimates for each field and the number of artificial
stars used in the experiment and median solution from the
Markov Chain Monte Carlo (MCMC) fitting routine EMCEE
(Foreman-Mackey et al. 2013).
We note that the recovery rate for each magnitude bin is de-
rived from a large number of artificial stars distributed over
the entire GMOS-S field. As such the level of completeness
reflects any variation of the recovery rate across the field. For
instance, a bright foreground star will inhibit the recovery of
artificial stars in its vicinity. The error bars shown represent
the statistical uncertainties in the recovery rate due to the cho-
sen sample size in the artificial star experiment.
Given the known presence of a stellar overdensity in each
field, we used the results of the artificial star test to gener-
ate a rough radial photometric completeness profile. Each
field was sampled using 4 concentric annuli around an inner
circle with a radius of 44 arcseconds. Each annuli has the
same area as the inner circle and we found that there was
no radial dependence in the photometric completeness of the
data out to a radius of 98” arcseconds. The variation in the
50% completeness level between the annuli was of the order
∼0.06 magnitudes for DES1 and Eri III and∼0.2 magnitudes
for Tuc V, in both filters. The errors on the fit typically dou-
bled, although Tuc V with fewer artificial stars, had a larger
variation as expected. These results confirmed that crowd-
ing is not an issue in any of these fields and for this reason,
the photometric completeness results quoted in Table 3 and
used throughout this paper, were derived from the entire field
as this ensured the smallest errors on the completeness esti-
mates.
2.4. Colour-Magnitude Diagrams
The panels in Figure 6 show the extinction-corrected (g−
r)◦ vs. g◦ colour-magnitude diagrams (CMDs) of the en-
tire GMOS-S fields using all objects classified as stars from
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Figure 5. Recovery rate for artificial stars in the field of DES1 (top
panel), Eri III (middle panel) and Tuc V (bottom panel). The red and
green points show the photometric completeness per 0.3 magnitude
bin, for the r− and g−bands respectively, while the solid lines show
best chi-square fit of the Logistic function (Eqn. 1).
our photometric analysis (see §2.2) that were found in the
vicinity of each ultra-faint stellar system. The calibrated pho-
tometry was corrected for Galactic extinction based on the
reddening map by Schlegel et al. (1998) and the correction
coefficients from Schlafly & Finkbeiner (2011). The CMDs
reveal stars ∼ 4 magnitudes fainter than the main-sequence
turn-off (MSTO) and down to the 50% completeness level
glim ∼ 26. The rectangular boxes correspond approximately
to the colour-magnitude windows presented in the discov-
ery papers: DES1 (Luque et al. 2016), Eri III (Koposov et
al. 2015; Bechtol et al. 2015), Tuc V (Drlica-Wagner et al.
2015).
3. PARAMETER ANALYSIS
For determining the fundamental properties of each ultra-
faint stellar system: mean age, mean metallicity 〈[Fe/H]〉,
the [α/Fe]avg ratio, heliocentric distance (D), central co-
ordinates (α0, δ0), position angle from north to east (θ), el-
lipticity ( = 1 − ba ) and half-light radius (rh) we employed
an iterative process. The CMDs of the entire field for each
object can be seen in Figure 6, with their on-sky distribu-
tion shown in Figure 7. First, we established the Dartmouth
model isochrone (Dotter et al. 2008) that best fits the CMD of
the entire GMOS-S field (Figure 6) using the maximum like-
lihood (ML) method introduced in Frayn & Gilmore (2002).
This method was used in our previous studies (Kim & Jer-
jen 2015a; Kim et al. 2015a, 2016a). We calculated the
maximum-likelihood values Li over a grid of Dartmouth
isochrones as defined by Equations 1 and 2 in Fadely et al.
(2011). The grid points in the multi-dimensional parameter
space cover ages from 7.0–13.5 Gyr, a broad range of chem-
ical composition −2.5 ≤ [Fe/H] ≤ −0.5 dex, −0.2 ≤ [α/Fe]
≤ +0.6 dex, and a distance interval (m − M)± 0.5, where
(m−M) is the initial guess for the distance modulus for the
object from the discovery papers. Grid steps were 0.5 Gyr,
0.1 dex, 0.2 dex, and 0.05 mag, respectively. For each object,
we present the matrix of likelihood values after interpolation
and smoothing over two grid points.
The best fitting model isochrone was then used to identify
stars that are sufficiently close to the stellar population of the
object in colour-magnitude space. These stars were defined
to have a g∗-band magnitude in the interval 19.5< g◦ < 27.0
and a colour (g∗ − r∗) that fulfils the requirement:
1√
2piσ2tot
exp(−((g∗ − r∗)− (g− r)iso)2/2σ2tot)> 0.5, (3)
where (g− r)iso is the colour of the model isochrone at g∗ and
σ2tot = σ
2
int +σ2g∗ +σ
2
r∗ . The quantity σint = 0.1 mag was chosen
as the intrinsic colour width of the isochrone mask and σ2g∗ ,
σ2r∗ are the photometric uncertainties of a star. Restricting
the measurement of the parameters α0, δ0,θ, ,rh on this sub-
sample reduces the level of contamination in the R.A.-DEC
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Figure 6. The g◦ vs. (g−r)◦ colour-magnitude diagrams of stars in the 5.′5×5.′5 GMOS-S field centred on the ultra-faint stellar systems DES1,
Eridanus III and Tucana V. The rectangular boxes correspond to the colour-magnitude windows presented in the discovery papers (Luque et
al. 2016; Koposov et al. 2015; Drlica-Wagner et al. 2015). The error bars running vertically along the colour (g− r)◦ = −1 in 1 mag intervals
represent the typical photometric uncertainties.
distribution and thus significantly increases the number ratio
between member stars of the stellar system and foreground.
To determine the centre coordinates (α0, δ0) and structural
parameters of the stellar system we employed the ML routine
from Martin et al. (2008), which was previously used by us
e.g. in Kim et al. (2016a) based on the likely member stars,
i.e. stars that are within the isochrone mask. We used a 2-
dimensional elliptical exponential profile plus foreground:
E(r,rh,Σ◦,Σ f ) = Σ◦ exp(−1.68r/rh)+Σ f (4)
to model the member star distribution on the sky where
r =
{[
1
1− 
(xcosθ − ysinθ)
]2
+ (xsinθ + ycosθ)2
}1/2
is the elliptical (semi-major axis) radius and (x,y) the spa-
tial position of a star,  the ellipticity of the distribution, θ
the positional angle of the major axis, rh is the half-light
radius, Σ◦ the central star density, and Σ f the foreground
star density. Based on the first estimates for these quanti-
ties we constructed a new CMD from stars that are within an
ellipse with a semi-major axis length a = 3.9rh, semi-minor
axis length b = a(1 − ) and position angle θ of the nominal
centre of the stellar overdensity. Assuming an underlying
exponential profile, this area contains 90 percent of the total
number of member stars and we refer to it as the 90% el-
lipse in the following sections. We then re-calculated refined
values for age, 〈[Fe/H]〉, [α/Fe] & D, and generated the as-
sociated isochrone mask to re-calculate α0, δ0, θ,  and rh.
This process of measuring the two sets of parameters typi-
cally converged to the final values after 2-3 iterations. Given
the relative small number of bright stars in DES1 and Eri III
around the MSTO we investigated the effect that individual
stars have on the age, 〈[Fe/H]〉, [α/Fe], and distance by run-
ning a Jackknife experiment: each star within 0.5 mag above
and below the MSTO was dropped once from the sample and
the ML analysis repeated. The observed variations were well
within the quoted uncertainties for each parameter confirm-
ing internal consistency of the results. We finally calculated
the number of stars N∗ that belong to the overdensity with
Equation 5 from Martin et al. (2008) and fitted a King profile
(King 1966):
E(r,rc,rt ,Σ◦) = Σ◦
(
1√
1+ r2/r2c
−
1√
1+ r2t /r2c
)2
(5)
at the stellar distribution using the final values for the centre
coordinates, position angle and ellipticity. The rt and rc pa-
rameters are the tidal and core radii. All parameters derived
in this section are summarized in Tables 4 and 5. We will
discuss the results for DES1 in §4 and Eridanus III in §5. The
special case Tuc V is discussed in §6.
4. PROPERTIES OF DES1
The analysis outlined in §3 is highly iterative and produces
many intermediate results, here we present the outcomes of
that process. The on-sky distribution of the DES1 stars (Fig-
ure 8) and their corresponding radial profile (Figure 9). The
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Figure 7. Distribution of all objects classified as stars in the GMOS-S field centred on the ultra-faint stellar system DES1 (left), Eri III (centre)
and Tuc V (right). In the cases of DES1 and Eri III, an elongated grouping of stars is clearly visible, while the Tuc V field shows no apparent
stellar overdensity.
stellar population of those stars inside the 90% ellipse (Fig-
ure 10) and their most likely age and metallicity properties
(Figure 11). Finally, we generate the luminosity function of
the system, Figure 12 and estimate its absolute magnitude.
The parameters for DES1 are listed in Table 4.
4.1. Structural Parameters
Figure 8 highlights the on-sky distribution of the DES1
ultra-faint dwarf galaxy candidate with stars selected based
on their proximity to the best-fitting isochrone. The inner
ellipse with a semi-major axis length of 3.9rh encompasses
90% of the DES1 stellar population and the outer ellipse has
a semi-major axis length of 5.5rh. The size of the outer el-
lipse is chosen such that the area difference between the two
ellipses is equivalent to the area of the inner ellipse. Stars
located between the inner and outer ellipse are then used to
populate the comparison field CMD. The values for the cen-
tral coordinates (α0, δ0), position angle (θ), and ellipticity ()
that best describe the stellar distribution of DES1 are listed
in Table 4. DES1 is a rather elongated system with an ap-
parent axis ratio of 0.59, which translates to an ellipticity of
 = 0.41+0.03−0.06. The position angle is θ = 112
◦±3◦.
Overplotted in Figure 8 are the positions of two putative
horizontal branch stars as cyan circles and as red open cirl-
ces are objects from the ALLWISE10 survey (Wright et al.
2010). The ALLWISE objects are scaled in size to reflect
their magnitude and highlight the position of the bright ob-
jects in the field. These include both bright foreground stars
and bright background galaxies.
Figure 9 shows the star number density in elliptical annuli
around DES1, where re is the elliptical radius. Overplotted
10 All Wide-field Infrared Survey Explorer mission,
http://wise2.ipac.caltech.edu/docs/release/allwise/
are the best-fitting Exponential (black dotted) and King (blue
dotted) profiles using the modal values from the ML analy-
sis. The error bars were derived from Poisson statistics. We
measure a half-light radius of rh = 5.5+0.8−0.7 pc, which is similar
in size to e.g. Muñoz 1 (rh = 7.1 pc, MV = −0.4±0.9, Muñoz
et al. 2012) and SMASH1 (rh = 7.1+3.5−2.4 pc, MV = −1.0± 0.9,
Martin et al. 2016b). The latter object is considered to be a
star cluster tidally disrupted by the Large Magellanic Cloud
(LMC).
4.2. Stellar population
The colour-magnitude diagram of all stars within the 90%
ellipse of DES1 is shown in the left panel of Figure 10. The
red giant branch (RGB) and subgiant branch are completely
absent. However, we notice two horizontal branch (HB)
star candidates at 19.7 < g◦ < 20.0, −0.3 < (g− r)◦ < +0.3.
The main sequence (MS) of DES1 is well defined down to
g ≈ 26.0 mag, below which star numbers are getting scarce.
We note that our photometry is around 50% complete at this
magnitude and it is clearly beginning to influence our abil-
ity to identify probable DES1 members. The middle panel
shows the comparison CMD of field stars distributed over an
equal-sized area, between the 90% ellipse and the concentric
ellipse with the same ellipticity, position angle and a semi-
major axis length of 5.50rh. The field CMD was then used
to statistically decontaminate the DES1 CMD: for every field
star we removed the nearest DES1 star in color-magnitude
space if it is within the error ellipse defined by the 1σ photo-
metric uncertainties in g◦ and (g− r)◦. The right panel shows
the foreground-subtracted Hess diagram with the best-fitting
Dartmouth isochrone superimposed.
Figure 11 shows the smoothed maximum likelihood den-
sity map of the age-metallicity space and the location of the
best-fit is highlighted with a cross. The stars used to gen-
erate this map were selected from inside the 90% ellipse
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Figure 8. Top: Selecting only stars that are sufficiently close to
the best-fitting isochrone (for more details see §3) significantly in-
creases the contrast between stars associated to the overdensity and
Galactic foreground. The elongated concentration of DES1 stars be-
comes more prominent and structural parameters can be determined
with higher accuracy. The two ellipses have a position angle of 112◦
and a semi-major axis length of 3.9rh and 5.5rh, respectively. The
inner ellipse borders the region that contains 90 percent of the DES1
stellar population, assuming an exponential radial profile. The outer
ellipse has twice the area of the inner ellipse. Two horizontal branch
star candidates are highlighted in cyan. The open red circles are
objects from the ALLWISE catalogue (Wright et al. 2010), scaled
to reflect their magnitudes. These objects highlight the position of
the bright objects in the field both foreground stars and background
galaxies. Bottom: Distribution of non-stellar objects selected in the
same manner as those in the top panel. ALLWISE objects are again
plotted as open red circles.
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Figure 9. Top Panel: Radial density profile of DES1. The best-
fitting Exponential (black dotted) and King (red dotted) profiles are
superimposed on the data points. The horizontal dashed line is the
density of the foreground stars. The solid black and red lines rep-
resent the profiles + foreground. The error bars were derived from
Poisson statistics.
as seen in Figure 8. The isochrone which best represents
the DES1 features has an age of 11.2 Gyr, a metallicity of
[Fe/H]= −2.38 and [α/Fe]= +0.2, shifted to a distance mod-
ulus of m − M = 19.40 mag (D = 76 kpc). The isochrones
shown in the right panel of Figure 10 bracket the 1-σ esti-
mate of the [Fe/H] value.
4.3. Luminosity Function and Total Luminosity
The total V -band luminosity of DES1 is estimated from all
stars that are within the isochrone mask and within the 90%
ellipse. For that purpose, the observed g-band luminosity
function is corrected for photometric incompleteness using
the Logistic function (Eqn. 1) with the parameters as deter-
mined in Section 2.2 for this system. We then scaled the nor-
malised theoretical luminosity function (LF) associated to the
best-fitting Dartmouth isochrone (11.2 Gyr, [Fe/H]= −2.38,
[α/Fe]= +0.2 shifted to a distance of 76 kpc) to the observed
level in the magnitude interval, 22.0 < go < 26.2 (see Fig-
ure 12). The theoretical model LF is based on a power law
initial mass function with a Salpeter slope of −2.35. The
model LF follows closely the observed LF over the entire
magnitude range. We calculated the integrated flux of DES1
to be Mg = −1.13± 0.2 mag. A comparison with the total
flux of the corresponding Dartmouth LF in the V -band yields
a colour of g −V = 0.29,which then converts the Mg lumi-
nosity into MV = −1.42. Since the method of fitting the LF
relies on the overall shape of the DES1 LF instead of indi-
vidual stellar flux, the result is statistically resistant to the
inclusion of some Galactic foreground stars. However, the
exclusion of bright member stars of the system can still carry
10 CONN ET AL.
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Figure 10. Left panel: The colour-magnitude diagram of all stars within the ellipse centred on the nominal celestial coordinates of DES1
shown in Figure 8. The major and minor axes are 0.′84 and 0.′49 with a position angle of 112 degrees, respectively. Middle panel: Comparison
CMD of the stars between the inner and the outer circles, showing the distribution of the foreground stars in colour-magnitude space. Right
panel: Hess diagram of the foreground-subtracted CMD superimposed with the best-fitting Dartmouth isochrones as dashed lines bracketing
the 1-σ confidence level of the metallicity estimate. Both isochrones are 11.2 Gyr, [α/Fe]= +0.2, m −M = 19.40 mag with the left isochrone
having an [Fe/H]= −2.50, while the right has an [Fe/H]= −2.17. Note: [Fe/H]=−2.50 is the lowest metallicity available for the Dartmouth model
isochrones.
The masses of main-sequence stars in solar mass units are marked to show the covered mass range. In all three panels the dashed line
represents the 50-percent completeness limit as determined with artificial star test and the MCMC method.
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Figure 11. Smoothed maximum likelihood density map in age-
metallicity space for all stars within the 90% ellipse around DES1.
Contour lines show the 68%, 95%, and 99% confidence levels. The
diagonal flow of the contour lines reflects the age-metallicity de-
generacy inherent to such an isochrone fitting procedure. The 1D
marginalized parameters around the best fit (cross) with uncertain-
ties are listed in Table 4.
uncertainties of up to ∼25 percent (∼ 0.5 mag). Hence, a re-
alistic estimate of the total luminosity of DES1 with error is
MV = −1.42±0.50. For example, adding the fluxes of the two
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Figure 12. Completeness-corrected DES1 luminosity function of
all stars that are within the isochrone mask and within the 90% el-
lipse. The best-fitting Dartmouth model luminosity function shifted
by the distance modulus 19.40 mag and scaled to a total luminosity
of Mg = −1.13 mag is overplotted.
HB candidates increases the total absolute V magnitude of
DES1 to MV = −1.73 mag. All derived parameters presented
in this section are summarized in Table 4.
5. PROPERTIES OF ERIDANUS III
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Table 4. Derived properties and structural parameters of DES1, see
§3 for details on the listed parameters.
DES1
α0 (J2000) 00h33m59.s8±0.s4
δ0 (J2000) −49◦02′ 19′′±5′′
θ (deg) 112◦±3◦
 0.41+0.03−0.06
rc (arcmin) 0.116+0.040−0.037
rh (arcmin) 0.245+0.036−0.027
rt (arcmin) 2.114+0.729−0.707
N∗ 54±7
E(B−V ) (mag) 0.0103
Ag 0.039
Ar 0.027
(m−M) 19.40±0.12
D (kpc) 76±4
rh (pc) 5.5+0.8−0.7
age (Gyr) 11.2+1.0−0.9
〈[Fe/H]〉 (dex) −2.38+0.21−0.19
[α/Fe]avg (dex) +0.2+0.1−0.1
MV (mag) −1.42±0.50
The properties of Eridanus III (Eri III) have been deter-
mined using the same procedure as outlined in §3. The on-
sky distribution of the Eri III stars (Figure 13) and their corre-
sponding radial profile (Figure 14). The stellar population of
those stars inside the 90% ellipse (Figure 15) and their most
likely age and metallicity properties (Figure 16). Finally, we
generate the luminosity function of the system, Figure 17 and
estimate its absolute magnitude. The parameters for EriIII
are listed in Table 5.
5.1. Structural Parameters
Figure 13 highlights the on-sky distribution of the Eri III
ultra-faint dwarf galaxy candidate with stars selected based
on their proximity to the best-fitting isochrone. The inner
ellipse with a semi-major axis length of 3.9rh encompasses
90% of the Eri III stellar population and the outer ellipse has
a semi-major axis length of 5.5rh. The size of the outer el-
lipse is chosen such that the area difference between the two
ellipses is equivalent to the area of the inner ellipse. Stars
located between the inner and outer ellipse are then used
to populate the comparison field CMD. The two HB and
nine RGB candidates are overplotted as cyan and red circles
respectively while the four Blue Straggler (BS) candidates
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Figure 13. Top: Selecting only stars that are sufficiently close to
the best-fitting isochrone (for more details see §3) significantly in-
creases the contrast between stars associated to the overdensity and
Galactic foreground. The elongated concentration of Eri III stars
becomes more prominent and structural parameters can be deter-
mined with higher accuracy. The two ellipses have a position angle
of 109◦ and a semi-major axis length of 3.9rh and 5.5rh, respec-
tively. The inner ellipse borders the region that contains 90 percent
of the DES1 stellar population, assuming an exponential radial pro-
file. The outer ellipse has twice the area of the inner ellipse. The
locations of the two HB, nine RGB and four BS candidates are high-
lighted in cyan, red and green respectively. The open red circles are
objects from the ALLWISE catalogue (Wright et al. 2010), scaled
to reflect their magnitudes. These objects highlight the position of
the bright objects in the field both foreground stars and background
galaxies. Bottom: Distribution of non-stellar objects selected in the
same manner as those in the top panel. ALLWISE objects are again
plotted as open red circles.
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Figure 14. Radial density profile of Eri III. The best-fitting Expo-
nential (black dotted) and King (red dotted) profiles are superim-
posed on the data points. The horizontal dashed line is the density
of the foreground stars. The solid black and red lines represent the
profiles + foreground. The error bars were derived from Poisson
statistics.
(g− r ∼ 0, 21.5 < g0 < 23.5) are shown in green. The loca-
tion of bright objects in the field from the ALLWISE survey
are shown as open red circles, the size of which reflects their
magnitude. These objects include both bright foreground
stars and bright background galaxies.
Figure 14, as per Figure 9, shows the star number density
in elliptical annuli around Eri III, where re is the elliptical ra-
dius. Overplotted are the best-fitting Exponential (black dot-
ted) and King (blue dotted) profiles using the modal values
from the ML analysis. The error bars were derived from Pois-
son statistics. We derived a position angle θ = 109◦±5◦, an
ellipticity  = 0.44+0.02−0.03 and half-light radius of rh = 8.3
+0.9
−0.8 pc.
The values for the structure parameters are listed in Table 5.
5.2. Stellar Population
Figure 15 (left panel) shows the colour-magnitude diagram
of all stars within 3.9rh of the centre of Eri III. The mid-
dle panel, as per Figure 10, is the CMD of field stars out-
side the 90 percent ellipse, covering the same area. The right
panel shows the Hess diagram for the foreground-corrected
Eri III CMD with the best-fitting Dartmouth isochrone super-
imposed. We note that the statistical decontamination was
performed the same way as for DES1.
Figure 16 shows the smoothed maximum likelihood den-
sity map of the age-metallicity space and the location of the
best-fit is highlighted with a cross. The stars used to gen-
erate this map were selected from inside the 90% ellipse as
seen in Figure 13. Similar to DES1, Eri III consists of an
old (12.5 Gyr), metal-poor ([Fe/H]= −2.40) stellar population
with [α/Fe]avg = 0.2. Eri III is 20 percent further away at a
heliocentric distance of 91 kpc (m−M = 19.80 mag).
Based on its CMD, Eri III appears to be a slightly more
luminous system than DES1 with a clear hint of a RGB.
Nine RGB star candidates are noticeable above the MSTO
between 21.2 < g◦ < 23.0. Similar to DES1 there are two
possible HB stars in Eri III (g◦ ≈ 20.1, (g− r)◦ ≈ −0.22)), as
well as four Blue Stragglers. The sky positions of the RGB,
HB, and BS stars are highlighted in Figure 13.
5.3. Luminosity Function and Total Luminosity
The total luminosity of Eridanus III has been derived in
the same manner as DES1 (§4.3) and presented in Fig-
ure 17. We calculated the integrated light by comparing
the completeness-corrected observed LF with the Dartmouth
model LF that corresponds to the best-fitting isochrone of
12.5 Gyr, [Fe/H]= −2.40, and [α/Fe]= +0.2. We measured a
total g-band luminosity of Mg = −1.75± 0.2. The integrated
Dartmouth model LFs in g and V have a colour of g −V =
0.32, which convert the Mg magnitude into MV = −2.07.
For the same reasons as outlined in §4 a more realistic es-
timate for the uncertainty of the total luminosity of Eri III is
σMV = 0.50. We also note that adding the fluxes of the HB and
BS candidates would increase the total absolute magnitude to
MV = −2.33 mag, well within the quoted uncertainty. All de-
rived parameters presented in this section are summarized in
Table 5.
6. PROPERTIES OF TUCANA V
Tucana V (Tuc V), also known as DES J2337-6316, was re-
ported as discovery in the second year of optical imaging data
from the Dark Energy Survey (Drlica-Wagner et al. 2015).
Interestingly, it is not only the closest object known to the
SMC in projection (see Figure 1) but also its heliocentric
distance of 55± 9 kpc is comparable. The best-fit half-light
radius as (Drlica-Wagner et al. 2015) derived from an itera-
tive MCMC analysis was found to be rh = 1.0+0.3−0.3 arcmin and
well matched by the 5.′5×5.′5 GMOS-S field-of-view. How-
ever, looking at the false-colour image in Figure 4, there is no
obvious stellar overdensity visible as opposed to both DES1
(Figure 2) and Eri III (Figure 3).
6.1. Stellar Population
Despite the false-colour image not revealing a clear over-
density in the field, the colour-magnitude diagram of the
full GMOS-S field, right panel of Figure 6, nonetheless
shows RGB and MS-like features. Given the absence of
a well-defined overdensity and thus a centre (see Figure 7)
in the base catalogue, we determine the age and metallic-
ity of that population by fitting the entire field. Figure 18
shows the maximum likelihood density map with the loca-
tion of the best-fit model isochrone with an age of 11.8 Gyr,
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Figure 15. Left panel: The colour-magnitude diagram of all stars within the ellipse centred on the nominal celestial coordinates of Eri III
(Figure 13). Middle panel: Comparison CMD of stars between the inner and outer ellipses, showing the distribution of Galactic foreground
stars in colour-magnitude space. Right panel: Hess diagram of the foreground-subtracted CMD superimposed with the best-fitting Dartmouth
isochrones as dashed lines bracketing the 1-σ confidence level of the metallicity estimate. Both isochrones are 12.5 Gyr, [α/Fe]= +0.2, m−M =
19.80 mag with the left isochrone having an [Fe/H]= −2.50, while the right has an [Fe/H]= −2.21. Note: [Fe/H]=−2.50 is the lowest metallicity
available for the Dartmouth model isochrones. The masses of main-sequence stars in solar mass units are marked to show the covered mass
range. In all three panels the dashed line represents the 50-percent completeness limit as determined with artificial star tests and the MCMC
method.
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Figure 16. Smoothed maximum likelihood density map in age-
metallicity space for all stars within the 90% ellipse around Eri III.
Contour lines show the 68%, 95%, and 99% confidence levels. The
diagonal flow of the contour lines reflects the age-metallicity de-
generacy inherent to such an isochrone fitting procedure. The 1D
marginalized parameters around the best fit with uncertainties are
listed in Table 5.
[Fe/H]=−2.09 and [α/Fe] = +0.4. In this field, we use E(B-
V)S&F11 = 0.0190, Ag = 0.072 and Ar = 0.050 to extinction
correct the data. This isochrone is a good match of the ob-
served features in the CMD as can be seen in Figure 19. The
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Figure 17. Completeness-corrected Eri III luminosity function of
all stars that are within the isochrone mask and within the 90%
ellipse (histogram). The best-fitting Dartmouth model luminosity
function shifted by the distance modulus 19.80 mag and scaled to a
total luminosity of Mg = −1.75 mag is overplotted (dashed line).
.
associated distance of the Tuc V population is measured at
59.5 kpc, confirming the agreement to the SMC distance.
The on-sky stellar distribution of Tuc V stars that are close
to the best-fit isochrone can be seen in the top panel of Fig-
ure 20 and in the bottom panel, the distribution of non-stellar
objects in the same region of the CMD. In both panels, the
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Table 5. Derived properties and structural parameters of Eri-
danus III, , see §3 for details on the listed parameters.
Eridanus III
α0 (J2000) 02h22m45.s3±0.s5
δ0 (J2000) −52◦17′ 05′′±6′′
θ (deg) 109◦±5◦
 0.44+0.02−0.03
rc (arcmin) 0.190+0.053−0.049
rh (arcmin) 0.315+0.036−0.027
rt (arcmin) 2.08+0.97−0.91
N∗ 81±14
E(B−V ) (mag) 0.0223
Ag 0.084
Ar 0.058
(m−M) 19.80±0.04
D (kpc) 91±4
rh (pc) 8.6+0.9−0.8
age (Gyr) 12.5+0.5−0.7
〈[Fe/H]〉 (dex) −2.40+0.19−0.12
[α/Fe]avg (dex) +0.2+0.1−0.1
MV (mag) −2.07±0.50
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Figure 18. Smoothed maximum likelihood density map in age-
metallicity space for all stars in the Tuc V field. The best-fitting
Dartmouth isochrone has an age of 11.8 Gyr, [Fe/H]=−2.09 dex,
[α/Fe]=+0.4 dex. Contour lines show the 68%, 95%, and 99% con-
fidence levels.
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Figure 19. Left: The colour-magnitude diagram of all stars in
the Tucana V field with two isochrones superimposed. The best-
fitting Dartmouth isochrone (black line) has an age of 11.8 Gyr,
[Fe/H]=−2.09 dex, [α/Fe]=0.4 dex. The blue isochrone with an age
of 6.0 Gyr, [Fe/H]=−1.30 dex ([α/Fe]=0.0 dex) corresponds to the
Small Magellanic Cloud Northern Overdensity (Pieres et al. 2017).
Both isochrones are shifted to a distance of 59.7 kpc (m − M =
18.88). While the locations of the RGB and MS are effectively the
same for the two isochrones, the main difference occurs around the
MS turn-off, where the number of observed stars are sparse. Right:
GALAXIA model prediction for the stellar population expected in
the Tucana V GMOS-S field overplotted with the same isochrones
as seen in the left panel.
bright ALLWISE objects are shown to highlight the loca-
tion of the bright foreground stars and the bright background
galaxies with larger circles representing brighter magnitudes.
As with DES1 and Eri III, the bright objects in the Tuc V field
generally do not correspond with any apparent low density
regions in the stellar distribution. As seen in Figure 7, there
is no concentrated overdensity in this field even after select-
ing likely Tuc V stars. The slight excesses visible by-eye are
not sufficiently concentrated to be considered the core of an
object.
The initial discovery of Tuc V was made with the Dark En-
ergy Camera (DECam). In Figure 21 we show the locations
of all stars that lie in the Tuc V isochrone mask selected over
the entire DECam field (3 sqr deg). They are overplotted on
the 2D star density histogram with our GMOS-S field shown
as a box outline at 354.35 deg, −63.27 deg. The figure con-
firms that there is indeed a significant stellar overdensity as
reported by Drlica-Wagner et al. (2015) and that our GMOS-
S field is in the correct location. In Figure 22, after select-
ing only stars located close to the Tuc V isochrone and plot-
ting their on-sky distribution, we can see how going from the
shallow DES data (glim ≈ 23.0, top panel) to the much deeper
GMOS-S data (glim ≈ 26.0, bottom panel) breaks up the peak
of the Tuc V structure into several hot spots with similarly
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Figure 20. Top: On-sky stellar distribution of the full field af-
ter selecting only stars that are sufficiently close to the best-fitting
isochrone from Figure 18. This panel shows the distribution of stars
in the field with the bright ALLWISE objects overplotted as open
red circles scaled in size to reflect their magnitude. Bottom: The
distribution of non-stellar objects selected in the same manner as
the stars in the above panel overplotted with the ALLWISE objects.
high star densities. The improved number statistics from the
deeper photometry reveals that there is no single overdensity
in this field consistent with a cluster-like or dwarf galaxy-like
morphology. Additionally, the location of the bright objects
in the field do not correspond to the low density regions be-
tween the peaks of the Tuc V stellar distribution and therefore
are not influencing our ability to accurately map this object.
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Figure 21. This DECam field from the Dark Energy Survey con-
tains the Tucana V ultra-faint dwarf galaxy candidate. Tuc V-like
stars, selected with an isochrone mask similar to that shown in
Figure 19, are plotted as a 2D density histogram. The small
black points are stars in the field and the small square at (α,δ)◦
= (354.35,−63.27)◦ is the position of our Tuc V GMOS-S field.
The significant overdensity at the Tuc V location coincides precisely
with our GMOS-S field. There is no obvious stellar gradient or
stream-like feature that extends beyond the GMOS-S field. The
scale used here is an arbitrary stars per pixel where the pixel size
has been chosen to merely highlight the overdensity in the entire
DES field. North is up and East is to the left.
Returning to the wider DECam field (Figure 21), there is also
no evidence of a more diffuse stellar cluster or stream that
would possibly make the GMOS-S field too small for such
an object. Given the lack of a centre in the Tuc V stellar dis-
tribution it is not possible to conduct a structure analysis for
Tuc V. Nevertheless, we will discuss its potential nature in
§7.4.
7. DISCUSSION
The fundamental properties of the stellar populations of
DES1 and Eri III are remarkably similar. They have the same
metallicity ([Fe/H]= −2.38+0.21−0.19 vs [Fe/H]= −2.40+0.19−0.12) and
mean alpha abundance ([α/Fe]avg = +0.2+0.1−0.1 for both), they
have comparable ages (11.2+1.0−0.9 Gyr vs 12.5
+0.5
−0.7 Gyr). Struc-
turally they also share similar properties: ellipticity (0.41+0.03−0.06
vs 0.44+0.02−0.03) and position angle (112
◦ ± 3◦ vs 109◦ ± 5◦).
Eri III (rh = 8.6+0.9−0.8 pc) is about 1.5 times larger than DES1
(rh = 5.5+0.8−0.7 pc) and consequently slightly more luminous
(MV = −2.07± 0.50 vs MV = −1.42± 0.50). When it comes
to their location in the Milky Way halo they are projected
onto the trailing filaments of neutral hydrogen gas from the
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Figure 22. On-sky stellar distribution of the full field after select-
ing only stars that are sufficiently close to the best-fitting isochrone
from Figure 18. The top panel shows the distribution of DES stars
in the GMOS-S field and the hottest pixel has a value of ∼ 6 stars
per square arcminute. The lower panel is the new distribution re-
vealed by the GMOS-S data. The regions of highest star density in
red (∼ 80 stars per square arcmin) do not define a centre but are
aligned along the same NE-SW direction as found in the DECam
field from the top panel and the DES Survey (see Figure 21). The
open red circles are the bright ALLWISE objects scaled to reflect
their magnitude. Brighter objects have larger symbols.
Magellanic Stream (see Figure 1). However, both systems
are more distant than the Magellanic Clouds. DES1 (DGC =
74±4 kpc) is 37% and Eri III (DGC = 91±4 kpc) is 69% fur-
ther away. They have similar angular separations (23.9◦ vs
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Figure 23. The size-luminosity (S-L) relation for classical Milky
Way satellite galaxies (black symbols) complemented with data for
Galactic globular clusters [Harris 1996 (2010 version), open cir-
cles] and recently discovered Milky Way satellites: Hya II, Kim 1,
2 & 3, Laevens 1, Pisces II, Ret II, Hor I, Peg III, Segue 1, Sgr II,
Tri II, Balbinot 1, Muñoz 1, SMASH 1, Tuc III, and Boötes II (blue
symbols). DES1 and Eri III (red diamonds) are found in a region oc-
cupied by star clusters. DES1 is close to Balbinot 1, SMASH1, and
AM4. The gray bar is part of the S-L plane in which Tuc V resides,
which we discuss in §7.5 as “The Trough of UnCertainty" (TUC).
Objects to the left of the TUC are plotted as diamonds, objects in
and to the right of the TUC are plotted as circles.
22.3◦) and 3D distances (31.7 kpc vs 41.0 kpc) to the Small
Magellanic Cloud.
DES1 is the less massive of the two and has demonstrably
fewer stars than Eri III as is noticeable in the CMDs (Fig-
ures 10 and 15) and quantified by the parameter N∗ in Ta-
bles 4 and 5. DES1 lacks an obvious red giant branch and the
main sequence is less populated when compared to Eri III.
Despite these differences, both objects have observed lumi-
nosity functions that are well matched with a Salpeter IMF
and power law slope of α = −2.35. This suggests that they
always have been small stellar systems and have not lost sig-
nificant amounts of mass.
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DES1 and Eri III are found in the size-luminosity diagram
(Figure 23, red diamonds) in a region dominated by ultra-
faint star clusters. DES1’s half-light radius and stellar con-
tent puts it close to the recently discovered objects Balbinot 1
(Balbinot et al. 2013) and SMASH1 (Martin et al. 2016b),
while Eri III is the most luminous amongst objects with half-
light radii less than 10 pc. They are all significantly fainter
than the bulk of the Milky Way globular clusters, plotted as
open circles. The closest star clusters to DES1 are AM4 (Car-
raro 2009), Koposov 1 & 2 (Koposov et al. 2007) in order of
decreasing luminosity. Interestingly, Paust et al. (2014) have
determined that Koposov 1 & 2 are intermediate-age, open
star clusters possibly related to the Sagittarius dwarf galaxy,
and Carraro (2009) speculated that AM4 might be associated
with Sagittarius too. Since the bulk of objects in this part
of the size-luminosity diagram around DES1 and Eri III are
known to be star clusters and they appear distinct from the
Milky Way population, the conclusion that Koposov 1, 2 and
perhaps AM4 are related to the Sagittarius dwarf, raises the
possibility that all of them are star clusters of non-Galactic
origin.
7.1. Metallicity [Fe/H] and Alpha Abundance [α/Fe]
Milky Way satellite galaxies are known to follow a well-
defined relationship between their total luminosity MV and
average metallicity 〈[Fe/H]〉, e.g. Kirby et al. (2013). Given
the small intrinsic scatter the relation can be used, together
with or as an alternative to the S-L relation, as diagnostic
tool to discriminate between a dwarf galaxy and star cluster.
Figure 24 shows this luminosity-metallicity parameter space.
The black and dotted lines are the least-squares fit with the
1σ confidence band about the relation based on 13 galax-
ies taken from Kirby et al. (2013). It corresponds to the
fit of the data for the chemically best studied dwarf galax-
ies. We complemented that plot with data for new stellar
systems: Hya II (Martin et al. 2015), Kim 1 (Kim & Jerjen
2015a), Kim 2 (Kim et al. 2015a), Kim 3 (Kim et al. 2016a),
Laevens 1, Pisces II (Kirby et al. 2015), Ret II (Walker et
al. 2015; Koposov et al. 2015b), Hor I (Koposov et al.
2015b), Tri II (Laevens et al. 2015b; Martin et al. 2016a),
Balbinot 1 (Balbinot et al. 2013), Boötes II (Koch & Rich
2014), Muñoz1 (Muñoz et al. 2012), and Peg III (Kim et al.
2015b, 2016b). DES1 and Eri III are just outside of the 1σ
confidence band. They are close to Segue 1 (Belokurov et
al. 2007) and Segue 2 (Belokurov et al. 2009). The error bar
for <[Fe/H]> brings DES1 also close to SMASH1. Segue 1,
DES1, and Eri III share a similar total luminosity and mean
stellar metallicity and also the same ellipticity (0.48+0.10−0.13 vs
0.41+0.03−0.06 vs 0.44
+0.02
−0.03 (Geha et al. 2009). The two fundamen-
tal differences are the half-light radius (29+8−5 pc) vs 5.5
+0.8
−0.7 pc
vs. 8.6+0.9−0.8 pc)
and the distance from the Milky Way. Segue 1 is at a Galac-
tocentric distance of 28 kpc, while DES1 is 2.6 and Eri III 3.2
times further away.
Segue 1 & 2 are both classified as ultra-faint dwarf galax-
ies based on the high mass-to-light (M/L) ratio estimates
and a large intrinsic metallicity spread of more than 2 dex
(Segue 1: Geha et al. (2009); Frebel, Simon & Kirby (2014);
Segue 2: Kirby et al. (2013). The metallicity spread is a sig-
nature observed in ultra-faint dwarf galaxies, while star clus-
ters do not show that characteristic. DES1 and Eri III have
[α/Fe]avg ∼ 0.2 dex consistent with the mean value observed
for ultra-faint dwarf galaxies (Vargas et al. 2013, their Fig. 6)
There are two pieces of evidence that suggest DES1 and
Eri III have a non-Galactic origin. First, they are at large
Galactocentric distances which is unusual for star clusters,
Galactic or non-Galactic. Only eight known clusters have
DGC > 70 kpc (Kim et al. 2015a). Secondly, they are close
to the two dwarf galaxies Segue 1 & 2 in LZ-space and only
≈ 0.2−0.3 dex more metal-rich than the LZ-relation predicts
for systems of their luminosities. Belokurov et al. (2009)
and Kirby et al. (2013) speculated that Segue 1 & 2 may be
the remnants of tidally stripped dwarf galaxies. DES1 and
Eri III could be other examples of Milky Way satellite galax-
ies that came to be ultra-faint through tidal stripping but their
small size implies that they were either intrinsically smaller
to begin with or that they underwent significantly more tidal
stripping than Segue 1 & 2. Keeping in mind that the lumi-
nosity function of these systems, as discussed in the previous
section, implies that they have not undergone much disrup-
tion during their lifetime. In which case, these would be the
smallest known galaxies to fit this scenario. A key piece of
evidence for this hypothesis would be a metallicity spread in
the stellar population, which can be tested with spectroscopic
follow up.
7.2. Mass Segregation
Similar to the analysis conducted for Kim 2 (Kim et al.
2015a) we performed a two-sample Kolmogorov-Smirnov
test (Massey 1951) to investigate whether MS stars with dif-
ferent masses in DES1 or Eri III follow the same spatial dis-
tribution. Figure 25 shows the cumulative distribution func-
tions for DES1 (top) and Eri III (bottom) main sequence stars
out to 2rh from the nominal cluster centre. The ≈ 3 magni-
tudes from the MSTO down to the 50% completeness limit
were subdivided into two magnitude intervals that corre-
spond to two equal-size mass bins: ∆M/M = 0.1 for DES1,
and∆M/M = 0.08 for Eri III, respectively. For comparison,
the confirmation of mass segregation in Kim 2 utilised three
mass bins of∆M/M = 0.1. The KS test yields relative large
p−values of p = 0.18 and p = 0.92, respectively, implying no
evidence of mass segregation in the main-sequence popula-
tion of the two stellar systems.
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Figure 24. The luminosity-stellar metallicity relation for classi-
cal Milky Way satellite galaxies (black dots) complemented with
data from the literature for Hya II, Kim 1,2&3, Laevens 1, Pisces II,
Ret II, Hor I, Peg III, Segue 1, Sgr II, Tri II, Balbinot 1, Muñoz 1,
SMASH 1 Tuc III, and Boötes II (blue dots). The black and dot-
ted lines represent the least-squares fit and 1σ rms from Kirby et
al. (2013), based on spectroscopically studied stars in 14 galaxies
(Segue 2 was excluded). DES1 and Eri III (red diamonds) do fall
just outside of the 1σ confidence band. DES1 is next to Segue 1,
whereas the higher luminosity of Eri III moves this system closer to
the LZ-relation. The open circles are the data from the Milky Way
globular clusters, Harris 1996 (2010 version).
These results suggest that neither DES1 nor Eri III has
experienced substantial mass loss from two-body relaxation
and tidal stripping. This picture is also consistent with our
finding that the observed LFs of DES1 and Eri III are well
described with a model luminosity function using a Salpeter
IMF.
We note that the stellar mass covered by main sequence
stars in old (∼ 10 − 12 Gyr), metal-poor (−2.5 <[Fe/H]<
−1.5) stellar populations are inherently small. Accessing a
mass range of the order of M/M = 0.3 would require pho-
tometry 4-5 magnitudes below the main sequence turn-off.
7.3. DES1 & Eri III: Star Cluster or Dwarf Galaxy?
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Figure 25. Cumulative distribution functions for DES1 (top) and
Eri III (bottom) main sequence stars out to 2rh from the nominal
centre. The ≈ 3 magnitudes from the MSTO down to the 50%
completeness limit were subdivided into two magnitude intervals
that correspond to two stellar mass bins of equal size: 0.61 <
M/M < 0.71 and 0.71 < M/M < 0.81 solar masses for DES1,
and 0.63 < M/M < 0.71 and 0.71 < M/M < 0.79 solar masses
for Eri III, respectively. No evidence of mass segregation is found
in the two stellar systems as concluded from the large p-values of a
two-sided KS-test: p = 0.18 and p = 0.92, respectively.
Using the derived properties of DES1 and Eridanus III, we
attempt to determine what is the most likely nature of these
objects. One of the main challenges in interpreting these
data is that given the location of these objects in the multi-
dimensional parameter space, we can expect the following
possible explanations for their origins: Milky Way globular
cluster, Milky Way dwarf galaxy, LMC/SMC star cluster or
LMC/SMC dwarf galaxy.
Size (rh): both DES1 and Eri III are small stellar systems
with half-light radii less that 10 pc. and as such are consistent
with star clusters. In comparison to the few known globular
clusters at comparable Galactocentric distances (Eridanus,
AM1, Pal 4, Pal 3, NGC 2419, Pal 14 – in increasing size
order), these clusters are 2.2 − 4.9 times larger than DES1
and 1.4−3.2 times larger than Eri III, see Harris 1996 (2010
version).
Galactocentric Distance: there are only a few known
MW globular clusters at the distances of DES1 and Eri III
(DGC = 74 kpc and 91 kpc) and so, it appears unlikely that
they are Milky Way star clusters. Their distances are more
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compatible with Milky Way dwarf galaxies however given
their proximity to the Magellanic Cloud system and their lo-
cation in the trailing component of the Magellanic Stream
provides two alternative views. They might be star clusters
or dwarf galaxies that are in-falling with the LMC and SMC
galaxies.
Ellipticity (): MW globular clusters are spherical systems
with a mean ellipticity 〈〉 = 0.08 and a standard deviation
of σ = 0.06. The maximum ellipticities were measured for
the clusters NGC 6144 ( = 0.25) and M19 ( = 0.27) from
Harris 1996 (2010 version). Hence, DES1 and Eri III are
significantly more elliptical than all of the known Milky Way
globular clusters. Their compact size effectively rules out
them being ultra-faint dwarf galaxies and suggests that they
are probably unusual star clusters, most likely dark matter
free star clusters in the process of dissolution. Their elon-
gated stellar distributions could be due to the tidal fields of
the LMC/SMC or Milky Way. In this context, the elongated
star cluster SMASH1 close to the LMC comes to mind.
Luminosity Function and Mass Segregation: The completeness-
corrected luminosity functions for DES1 and Eri III are con-
sistent with a Salpeter IMF. There is no evidence for a flatter
LF through the lack of low mass stars. This suggests that
DES1 and Eri III have always been small clusters and have
not lost significant amounts of mass at the current stage. This
picture is also consistent with the absence of mass segrega-
tion in the MS populations covering the approximate mass
range 0.60<M/M < 0.80.
Size-Luminosity relation: DES1 and Eri III are located in
the ultra-faint regime of the size-luminosity relation as ex-
hibited by the Milky Way satellite galaxies. However, that
part of the parameter space (MV & −2, rh . 10 pc) is now
populated by a number of ultra-faint star clusters. In terms of
size, DES1 shares properties with other confirmed star clus-
ters like AM4 and Balbinot 1 but DES1 has twice the Galac-
tocentric distance of those two. Eri III despite its brighter
luminosity (MV =−2.07) is closer in properties to star clusters
than to dwarf galaxies. It is about five times smaller than
the dwarf galaxy candidate Tri II, which has a similar lumi-
nosity, and Eri III is fainter and roughly half the size of the
ultra-faint dwarf galaxy candidate Draco II. Eri III is proba-
bly a star cluster too.
Luminosity-Metallicity relation: DES1 has almost identi-
cal properties to the dwarf galaxy Segue1 despite being ap-
proximately six times smaller. Although the error in [Fe/H]
allows the possibility that DES1 is a dwarf galaxy, its lumi-
nosity suggests it is more likely to be a star cluster. Eri III
is also found close to the 1σ confidence line of the dwarf
galaxy LZ-relation (Kirby et al. 2013) and has properties
intermediate to Tucana III and DES1, although it is about
five times smaller than Tuc III. With regard to the outer halo
globular cluster population, only NGC 2419 (D = 82.6 kpc)
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Figure 26. Tuc V histogram of all stars within 20 ≤ g ≤ 24 and
−1.5≤ (g− r)≤ +2.5 with the GMOS-S data presented in grayscale
and the GALAXIA galactic model data for the Tuc V field (Sharma
et al. 2011) presented in blue. The counts have been scaled such
that the expected number of stars from GALAXIA approximately
matches the data in the region around (g − r) ∼ +1.5. There is a
clear excess of blue stars in the region of Tuc V "main-sequence" as
compared to the model.
has a similarly low metallicity ([Fe/H]= −2.19, Harris 1996
(2010 version)), but this object is much more luminous
(MV = −9.42) and as such is considerably different.
DES1 and Eri III have equivalent luminosities to ultra-faint
dwarf galaxies more than five times larger and this suggests
that they reside in a gravitational potential that is, locally,
more concentrated than those objects of similar luminosi-
ties (e.g. Segue 1, Segue 2, Triangulum II). Their metallici-
ties however are considerably lower than Milky Way globu-
lar clusters and so we propose that DES1 and Eri III are most
likely dissolving star clusters associated with the Magellanic
Clouds. They are simply too distant and different to be con-
sidered part of the MW globular cluster system and both lie
in close proximity to the Magellanic Clouds.
7.4. Tucana V: a false positive ultra-faint candidate?
As demonstrated in §6, our deep photometry of Tucana V
did not reveal a stellar overdensity within the GMOS-S field
and in particular, none that could correspond with the ex-
pected properties of Tuc V as outlined in Drlica-Wagner et
al. (2015) (see Figure 7, right panel). Determining the best-fit
stellar population to all of the stars in the field11 and selecting
only stars belonging to that isochrone also failed to recover
any stellar overdensity that resembles a star cluster or dwarf
galaxy radial profile (Figure 22, bottom panel). This rules
out a bound star cluster or dwarf galaxy as the explanation
for the Tuc V phenomenon. However, Tuc V is not a false
positive. These stars clearly belong to a coherent stellar pop-
ulation and the next obvious origins for this stellar excess
11 Tuc V best-fit isochrone: m −M = 18.8; D = 59.7 kpc; Age ∼ 11.8
Gyr; [Fe/H] = −2.09 dex; [α/Fe] = +0.4 dex.
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is the Milky Way stellar halo, the Small Magellanic Cloud
(SMC) stellar halo or a disrupted star cluster.
To test the possibility that the Tuc V stars are related to the
Milky Way halo, we employed the GALAXIA code (Sharma
et al. 2011) to generate the expected stellar populations in
the direction of Tuc V out to 100 kpc. In Figure 26, the his-
togram of (g − r) colours between the g−band magnitudes
of 20 and 24 mag are plotted for both our data (grey) and
Galaxia model (blue). To scale the two data sets we use the
observed number of red stars around (g − r) ∼ +1.5 in the
data as a calibration reference for the model. Aside from the
small colour differences between the samples, it is clear that
our Tuc V CMD contains significantly more stars in the color
range 0.1< g−r< 0.4 mag and that the main sequence in the
Tuc V data cannot be attributed to Galactic halo stars.
Another possible origin for the Tuc V stars is an extended
structure related to the Small Magellanic Cloud. If we take
the centre of the SMC from de Grijs & Bono (2015) as
(α,δ) = (15.129◦, −72.720◦) at a distance of D = 61.94 kpc
and the Tuc V field position as (l,b) = (316.31◦,−51.89◦)
at a distance of D = 59.7 kpc, we can compute the three-
dimensional distance using the Astropy python package12
finding DSMC ∼13 kpc (∼ 12.◦1). Investigating the entire
DECam field in which the Tuc V stellar excess resides, we
selected all stars that occupy the same region of the colour-
magnitude diagram as the Tuc V isochrone and plot their dis-
tribution on the sky (see Figure 21). There are no obvious
stellar streams or gradients in the field. The significant ex-
cess of Tuc V stars is very localised within the GMOS-S field
from this dataset and represents the only significant peak in
the DECam field.
The closest known SMC-halo substructure is the SMC
Northern Overdensity (SMCNOD) from Pieres et al. (2017)
which is 8◦ or 8 kpc from the SMC. If we overlay the SM-
CNOD isochrone with a distance of ∼59.7 kpc on our Tuc V
CMD (Figure 19, blue line), we find it is roughly consis-
tent with the photometry. This isochrone requires the MSTO
to be around g ∼ 22 mag but given the small size of the
GMOS-S field it is possible that the turn-off from the best-
fit isochrone is being biased by the small grouping of stars
around g∼ 22.5. Those MSTO stars are spread across the en-
tire field with only about half of them in locations that could
be considered inside Tuc V. From Figure 18, it is clear that
a 6 Gyr, [Fe/H]= −1.3 dex SMCNOD isochrone is broadly
consistent with the age-metallicity degeneracy of this stellar
population. At this distance, although it is outside the nom-
inal 7.◦5 break radius seen in the SMC halo density profile
(Fig. 4 from Pieres et al. (2017)), could these Tuc V stars be
part of the SMC-halo? The SMC halo does show an increas-
12 http://www.astropy.org (Astropy Collaboration et al. 2013)
ing excess in star counts along some position angles (e.g.
P.A.∼200◦, Fig. 4 of Pieres et al. (2017)) and it seems that
even the typical SMC halo density profile has not yet reached
the background at the angular distance of Tuc V. Taking all
these factors into account, it appears Tuc V could be either
a chance grouping of SMC halo stars or represents an SMC-
halo substructure like the SMCNOD. It is not an ultra-faint
stellar system as originally thought.
Finally, Tuc V could be a tidally disrupted star cluster in
its final stages of dissolution. It is uncertain how the final
stage of a disrupting star cluster would appear on the sky
and unfortunately such analysis is beyond the scope of this
paper. Spectroscopic analysis of the Tuc V stars would be
desirable to confirm that the sub-groups seen in Figure 22
are chemically similar and likely to have a common origin.
Tucana V is not an ultra-faint dwarf galaxy candidate in
the classical sense leaving us to speculate about other sys-
tems reported in the literature that have strong similarities
to Tuc V. In particular, the colour-magnitude diagram of the
Draco II dwarf galaxy candidate (Laevens et al. 2015b), from
their figure 1 (middle panel), has the same truncated main
sequence like Tuc V and the isochrone fit struggles to fit this
feature because it is constrained by the apparent Red Giant
Branch. If we consider the Field CMD and the Object CMD
above the main sequence turn-off (iP1.0 < 20 mag) we see that
they are almost identical and the on-sky distribution is small,
sparse (rh = 2.′7+1.0−0.8) and not centrally concentrated. As with
Tuc V, there is obviously a coherent stellar population within
the field, as seen by the manifest main sequence in the CMD,
but it lacks a conspicuous progenitor. Draco II is somewhat
isolated on the sky from other large dwarf galaxies but even
though it is relatively high above the Galactic Plane at (l,b) =
(98.3◦, +42.9◦), it is well within the Milky Way stellar halo
(DGC = 22±3 kpc). And as such may represent an equivalent
chance overdensity of Milky Way halo stars in much the same
manner that Tucana V may be a chance overdensity of SMC
Halo stars. Similarly, Cetus II (Drlica-Wagner et al. 2015),
(l,b) = (156.48◦, −78.53◦) at DGC ∼ 32 kpc, with a half-light
radius of only rh ∼ 1.′9, is another interesting case. As candi-
date systems become fainter and less populated, deep follow-
up photometry of all the ultra-faint dwarf galaxy candidates
is crucial to better undestand the nature of these systems and
use their properties to refine and improve the current search
algorithms.
7.5. The Trough of Uncertainty
In the previous section, we identify the Tucana V stellar ex-
cess as a likely chance overdensity in the Small Magellanic
Cloud Halo or a dissolving star cluster, and after examin-
ing the colour-magnitude diagrams of other ultra-faint dwarf
galaxy candidates concluded Draco II and Cetus II may also
represent systems of that nature. Serendipitously, all of these
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objects appear in the same part of the size-luminosity dia-
gram. In Figure 23, we highlight the region (gray box) en-
compassed by these objects showing that either side of the
region there is an apparent clear distinction between those
objects tentatively identified as star clusters (to the left) and
dwarf galaxies (to the right). To honour Tucana V as the po-
tential prototype false-positive identification, we label this re-
gion the Trough of UnCertainty (TUC). The TUC illuminates
the region of the S-L plane where potential false-positive
identifications might be occurring and might also serve to di-
vide the S-L plane between star clusters and dwarf galaxies.
If we compare objects on either side of the TUC in the
luminosity-metallicity relation (Figure 24), we find that those
to the left of the TUC (plotted as diamonds) do not fall on
the LZ-relation in Figure 24 while those to right of the TUC
(plotted as circles) are consistent with the relation. It is im-
portant to note that many of the objects below MV = −4 only
have preliminary metallicity estimates at this stage and so
the true scatter of the relation at these metallicities is un-
certain. While we have raised possible issues with Draco II
and Cetus II, it is obvious from Figure 23 that simply remov-
ing Tuc V, a clear gap has opened between the star clusters
and dwarf galaxies in this relation. Deep photometry of the
objects in the TUC is crucial to resolving their status and
it seems that the TUC is delimiting the border between star
clusters and dwarf galaxies.
Inside the Trough of UnCertainty, the objects there are ei-
ther of the specific dimension where dissolving star clusters
are still coherent enough to be mistaken for dwarf galaxies or
the point at which random fluctuations within the predomi-
nantly smooth stellar halos can be detected. While Tuc V is a
cautionary tale of interpreting data dominated by small num-
ber statistics, it has highlighted the fascinating intersection
in the size-luminosity plane where star clusters meet dwarf
galaxies.
8. CONCLUSION
This deep photometry of DES1 and Eridanus III have re-
vealed them to be old, small and highly elliptical stellar pop-
ulations with very low metallicity at the outer reaches of the
Milky Way. Our analysis has shown that their observed lu-
minosity functions and lack of any apparent mass segrega-
tion both point to systems which have undergone very little
tidal stripping. Coupling these results together, we conclude
that they are most likely star clusters infalling with the Mag-
ellanic Clouds. In this regard, they join SMASH1 and Tu-
cana III as probable MC star clusters.
Tucana V represents a different challenge. There is an
excess of stars in this field compatible with a single stel-
lar population however, this overdensity does not have a
well-defined centre and does not follow a radial density
profile consistent with any other ultra-faint system. Ever
since Klypin et al. (1999) highlighted the "Missing Satel-
lites" problem, the race has been on to scrutinize the low
mass end of the Milky Way’s galaxy luminosity function.
The expectation has been that there should be hundreds of
smaller satellites of the Milky Way if the hierarchical forma-
tion scenario of a ΛCold Dark Matter universe was to be val-
idated. While the latest all sky surveys have delivered a few
dozen more candidates, as these systems become smaller and
fainter it becomes even more important to confirm their status
as dwarf galaxies. With so few known systems in the ultra-
faint regime, any incorrectly classified objects could skew the
distribution away from the true solution. In this paper, we
have shown that Tucana V is almost certainly one of these
false-positive candidates and we propose that it is either a
disrupted SMC star cluster or an anomaly in the SMC stellar
halo.
We speculate that Draco II and Cetus II may yet be other
false-positive detections and along with Tuc V occupy a re-
gion of the size-luminosity plane (TUC) that may be peculiar
to this sort of object. Our results demonstrate that the shallow
discovery data are potentially insufficient in unambiguously
identifying objects like Tuc V and that deeper follow-up ob-
servations are crucial to avoid further false-positives from en-
tering the sample of Milky Way satellites.
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